The main objective of this work was to test the suitability of rice husk waste biomass for anaerobic digestion and to examine the energy potential of the co-digestion of rice husk with zebu dung. Rice husk and zebu dung were studied under batch anaerobic conditions as separate wastes as well as mixed in various proportions. All experiments were carried out at 5% of total solids. The methane yield achieved by single substrate digestion of rice husk and zebu dung was 13.9 l and 44.58 l CH 4 /kg volatile solids (VS), respectively. The co-digestion of 50% total solids (TS) rice straw with 50% total solids zebu dung gave the result of 38.42 l CH 4 /kg VS. According to these results, the degradation and methane production potential of rice husk were not sufficient and it was found that this residue material is less suitable for single substrate digestion without additional pretreatment than for co-digestion. Even if co-digestion of rice husk with zebu dung improved the digestibility of rice husk and hence increased the biogas production, the methane yield was lower in comparison with the result for zebu dung, due to the high lignin content in rice husk. Nevertheless, the proof of digestibility of rice husk showed the possibility of rational exploitation of this waste material.
INTRODUCTION
In developing countries, more than 80% of the population lives in rural areas where more than 90% of the energy being used comes from non-commercial sources; the most common being fuel wood. The increasing cost of conventional fuel in urban areas necessitates the exploration of other energy sources (Chaudhary et al., 2012) .
Biofuels produced from biomass such as agricultural waste help to reduce both the world's dependence on oil and CO 2 production. Biofuels can mitigate global warming because the biomass absorbs CO 2 during growth and emits it during combustion. Therefore, biomass helps the atmospheric CO 2 recycling. Therefore, the utilization of biomass resources will be one of the most important factors for environmental protection in the 21st century. Simultaneously, biofuel production along with bio-products can provide new income and employment opportunities in rural areas. For the eco-friendly development of human societies and for the abatement of greenhouse gases emission, more efficient alternatives based on renewable technologies has to be used (Chandra et al., 2012) .
Rice is globally the most important staple food which is consumed daily by at least half of the world's population. It thus presents the most abundant source of agricultural residues in the world that can be used for the production of renewable energy. The FAO estimated that a total of 679 million tons of rice were produced in 2009 (FAOSTAT, 2011) , which equates to approximately 916 million tons of rice straw available for energy production (Kadam et al., 2000) . FAO forecast for global rice production in 2012 is 729 million tons. Rice husk is the outer layer of a rice seed which is removed from it (paddy) as a by-product during the milling process. Rice husk accounts for 20% to 33% of the paddy weight depending on rice quality and growing methods. The annual global quantity of rice husk generated is 137 million tons, most of that in Asia where 123.65 million tons of rice husks are produced (Lim et al., 2012) .
A common solution for dealing with rice husk is openfield burning alongside rice mills, contributing to increased greenhouse gas emissions, including CO 2 (Gadde et al., 2009) , which accelerates the increase in atmospheric temperature and can cause global warming. In addition, these air pollutants can adversely affect human health, and cause cancer. Due to the health and environmental concerns, many countries have imposed new regulations restricting field burning activities (Mansaray et al., 1999) .
Utilization of rice husk for electricity generation has been well developed in many regions due to its wide availability at rice mills. However, this solution can be used only in more developed areas with large rice mills that produce enough rice husks for direct combustion. The chemical composition of a biomass feedstock can also influence its combustion efficiency. High alkali content (Na and K) and the presence of phosphorus in rice husk and rice straw can decrease the melting temperature of ash. Besides, the low melting temperature of rice husk may lead to fouling and corrosion of the heat transfer surfaces, and the possibility of agglomeration in a fluidized bed (Lim et al., 2012) .
Another potential use of rice biomass for energy production can be utilized worldwide, even in the developing countries. It is the conversion of rice residues into the clean-burning fuel through anaerobic digestion. During the anaerobic digestion process, microorganisms convert biomass into biogas, a mixture of methane and carbon dioxide with trace amount of other gases like carbon monoxide and hydrogen, in the absence of oxygen. The produced biogas can be used as fuel to generate heat and/or electricity and the digestate can be used as a good organic fertilizer (Chandra et al., 2012) .
Some research proved the feasibility of anaerobic codigestion for mixtures of rice husk with other agriculture residue material (Ezekoye and Ezekoye, 2009; Ezekoye and Okeke, 2006) .
The main objective of this work was to examine the suitability of rice husk biomass for anaerobic digestion and to analyze the energy potential of the co-digestion of rice husk with zebu dung.
MATERIALS AND METHODS
The experiments were conducted under controlled laboratory conditions, in the laboratories of Faculty of Tropical AgriSciences of Czech University of Life Sciences in Prague Suchdol and all analyses were performed according to standard methods.
The rice (Oryza sativa) husk used in the experiment was obtained from a small rice mill in the Ranobe village in Southwestern Madagascar in August 2011. Zebu (Bos indicus) dung was obtainhed from the Zoological garden in Vyškov, Czech Republic. The inoculum used to inoculate the substrate during experiments was obtained from a mesophilic farm digester in Krásná Hora at the biogas plant Zemědělská stanice Krásná Hůrka, Czech Republic. All materials were stored at 4 °C until used.
The properties of the rice husk and zebu dung such as Total solids (TS), Volatile solids (VS), and carbon and nitrogen content were measured according to the Standard methods (Clescerl et al., 1999 ) and the characteristics measured are shown in Table 1 . The C/N ratio was calculated.
The experimental set-up consisted of 7 anaerobic batch digesters, using wide-mouth 1.25 l Erlenmeyer flasks that had a working volume of 0.9 l. Each bioreactor was connected through silicon tubes to 15 l plastic flasks where the biogas was collected. This 15 l plastic flasks were filled with a solution of distilled water, H 2 SO 4 (0.06ml per l) and NaCl (10.2g/l) added in order to prevent the CO 2 from biogas dissolving into the water. The accumulated biogas was then measured by the amount of water displaced from the 15 l plastic flasks to a graduated cylinder.
All experiments were run at 5% of total solids (TS) with different ratios of rice husk and zebu dung. For all mixtures, 10% of inoculum was added to the digester to inoculate the substrate. During each run of experiments all 6 different ratios (0:100, 20:80, 40:60, 60:40, 80:20, 100:0) of rice husk and zebu dung were measured simultaneously. The biogas production from 100% inoculum was also monitored to show its stability. All the results were reported as averages from a triplicate of the experiment.
The experiments lasted for 50 days (1200 hours) and the substrates were tested in mesophilic conditions at 30 °C. Bioreactors were mixed by hand shaking 2 times per day for 1 minute. The amount of biogas was measured at least once a day. In order to keep the constant temperature, the bioreactors were placed in the heated water bath (accuracy ± 1 °C). Methane content in biogas was measured at the end of each experimental run with a gas detector OLDHAM EX 2000C. The values measured were corrected to the dry standard biogas volume at 0 °C and 1 atm using dry biogas factor in accordance with Richards et al. (1991) . The cumulative biogas production and the methane yield were calculated using experimental values.
The pH was measured before and at the end of each experimental run with VOLTCRAFT PH 100ATC. At the beginning of experimental runs, no methods to treat the pH to optimal range for anaerobic digestion (6.5 -8) were used.
RESULTS AND DISCUSSION
The inoculum used in all experiments showed very low cumulative biogas production and methane content in biogas with the average values of 300 ml and 38%, respectively. This result demonstrated that the degradable 119 AGRICULTURA TROPICA ET SUBTROPICA VOL. 46 (4) 2013 potential of inoculum was low. The biogas production of inoculum was subtracted from the total biogas production of the tested mixtures to consider only the value produced by digestion of rice husk or zebu dung. The results of the digestion experiments, the cumulative biogas production, the methane content in biogas and the methane yield, are presented in Table 2 . The values of pH measured before and after the testing indicated the decrease of pH during digestion, however, the range of pH was always neutral to slightly alkaline (see Table 2 ) and close to the optimal range of 6 to 8.
The result of the digestion process is demonstrated in Figure 1 . The cumulative biogas production curves indicate the early begging of the biogas production for most of the mixtures due to the easily degradable part of zebu dung. However, the biogas production of the 100% rice husk showed the first progress after 120 h. The biogas production was divided into three sequences; a small amount of biogas was produced after 120 h, 177 h and 300 h and then the production ceased completely. This sequencing production is typical for hardly degradable substrates. The single substrate of zebu dung and all co-digestion mixtures showed typical S-shaped curves.
Rice husk treated alone showed the lowest digestibility. The methane yield and the average CH 4 content in biogas produced by anaerobic digestion of rice husk were only 13.9 l CH 4 /kg volatile solids and 40%, respectively. The complicated digestion of rice husk was due to high lignin content and the presence of other hardly digestible polymers in the substrate. Materials with high lignin content such as rice straw and rice husk need to be either pretreated before digestion by several methods (mechanical, physico-chemical and biological) or the multi-stage digestion has to be used (Ward et al., 2008) .
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AGRICULTURA TROPICA ET SUBTROPICA VOL. 46 (4) 2013 The low digestibility of rice husk could also be caused by a high C/N ratio. The C/N ratio of rice husk is 67.96, far away from the optimal range for anaerobic fermentation (25) (26) (27) (28) (29) (30) . Therefore, the fermentation of rice husk stopped after 300 hours.
The best results of all experimental testing were achieved by fermenting zebu dung. The content of methane in biogas and the methane yield were 56% and 44.58 l CH 4 per kg of volatile solids (VS) fed into fermenter, respectively.
Co-digestion of rice husk and zebu dung in different ratios improved biogas production, methane yield and methane content in biogas in comparison with the results of rice husk. As Figure 1 illustrates, the best result was obtained by a mixture 50% TS rice husk with 50% TS zebu dung, 38.42 l CH 4 / kgVS. The biogas amount was similar to the 100% zebu dung but the content of methane in biogas was lower for the mixture 50:50 representing 46%. This result was in accordance with Ezekoye and Okeke (2006) who have reached the biogas production with 52.3% methane when co-digested a spent grains with rice husk at ratio of 1:1.
The highest content of methane in produced biogas was achieved in the mixtures with high zebu content (20:80 and 40:60 -rice husk : zebu dung) 51 and 53%. This was due to the almost optimal C/N ratio in these mixtures in comparison to mixtures with a higher content of rice husk. However, the methane yield of these mixtures was slightly lower than for mixture 50:50. It could be because of the stabilization function of rice husk in digestion process. According to Ezekoye and Ezekoye (2009) , rice husk acted as a good inoculum in anaerobic co-digestion with cassava peels increasing the number of microbes during the digestion. Nevertheless, all our experimental runs with a mixture of rice husk and zebu dung showed lower methane content and lower biogas production compared to zebu dung itself.
CONCLUSION
This study showed that anaerobic digestion of rice husk is complicated. Rice husk, with a high lignin content and high C/N ratio, is a less suitable material for single substrate anaerobic digestion because of the low production of biogas and methane. The anaerobic codigestion of rice husk with zebu dung proved to increase the energy potential of rice husk, however the methane yield of all mixtures was lower than 100% zebu dung substrate. The methane yield can be increased by initial pretreatment methods. The co-digestion of rice husk with zebu dung can be a good opportunity to combine the energy production and waste management in the countries with prevailing rice production.
